Background: Chemotherapy and radiation therapy result in increased free radical formation and depletion of tissue antioxidants. It is not known whether parenteral nutrition (PN) administered during bone marrow transplantation (BMT) supports systemic antioxidant status. Objective: The aims of the study were to determine 1) whether high-dose chemotherapy decreases concentrations of major circulating antioxidants in patients undergoing BMT and 2) whether administration of standard PN maintains systemic antioxidant concentrations compared with PN containing micronutrients and minimal lipids alone. Design: Twenty-four BMT patients were randomly assigned to receive either standard PN containing conventional amounts of dextrose, amino acids, micronutrients, and lipid (120 kJ/d) or a solution containing only micronutrients (identical to those in standard PN) and a small amount of lipid (12 kJ/d). Plasma antioxidant status was measured before conditioning therapy and serially at days 1, 3, 7, 10, and 14 after BMT. Results: Plasma glutathione (GSH) and ␣-and ␥-tocopherol concentrations decreased and the GSH redox state became more oxidized after conditioning chemotherapy. Plasma cysteine concentrations were unchanged, whereas cystine concentrations increased. Plasma vitamin C and zinc concentrations and GSH peroxidase activity increased over time. Plasma ␣-tocopherol concentrations were lower in patients given standard PN. There were no differences in other plasma antioxidants between groups. Conclusions: A significant decline in GSH-glutathione disulfide, cysteine-cystine, and vitamin E status occurs after chemotherapy and BMT. Standard PN does not improve antioxidant status compared with administration of micronutrients alone. Further evaluation of PN formulations to support patients undergoing high-dose chemotherapy and BMT are needed.
INTRODUCTION
High-dose chemotherapy administered in bone marrow transplantation (BMT) regimens commonly induces nausea, emesis, oropharyngeal inflammation, abdominal pain, and diarrhea. These adverse gastrointestinal effects limit oral food intake and provide a basis for the routine use of parenteral nutrition (PN) to meet metabolic needs. However, the clinical efficacy of PN therapy in patients receiving high-dose chemotherapy during BMT protocols remains unclear (1) (2) (3) (4) (5) (6) .
Chemotherapy and radiation therapy are associated with increased formation of reactive oxygen species and depletion of critical plasma and tissue antioxidants (7) (8) (9) (10) (11) . Human peripheral polymorphonuclear leukocytes from patients receiving chemotherapy for hematologic and solid malignancies produce more hydrogen peroxide and superoxide anion in vitro than do those of healthy control subjects (8) . Increased plasma lipid hydroperoxides and thiobarbituric acid-reactive substances also suggest oxidative stress in patients receiving chemotherapy (11) (12) (13) (14) .
In patients undergoing BMT, high-dose chemotherapy has been shown to decrease plasma nutrient antioxidant concentrations, including concentrations of vitamin C, ␣-tocopherol, and ␤-carotene (13, 15) . In addition to micronutrient antioxidants, the tripeptide glutathione (γ-glutamyl-cysteine-glycine; GSH) is a critical endogenous antioxidant that acts directly as a free radical scavenger and in conjunction with the detoxification enzymes glutathione peroxidase (GSHPx) and glutathione-Stransferase (16) . Studies in animal models and in humans showed that plasma and hepatic GSH concentrations are markedly reduced by chemotherapeutic agents, such as busulfan, cermustine (BCNU), and cisplatin (17) (18) (19) . However, the effect of high-dose chemotherapy on the GSH antioxidant system in Plasma antioxidant status after high-dose chemotherapy: a randomized trial of parenteral nutrition in bone marrow transplantation patients BMT patients has not been studied. Furthermore, GSH concentrations, which are known to be influenced by vitamin C and vitamin E status (20, 21) , may be decreased as a result of vitamin C and E depletion in these patients.
In the limited studies available in BMT patients, the administration of standard PN did not prevent decreases in plasma micronutrient antioxidants, such as vitamin E and ␤-carotene (13, 15) . In addition to an oxidative stress state during chemotherapy and BMT, there is evidence to suggest that antioxidant requirements may be increased in PN-dependent patients. Several studies showed that the lipid emulsions and L-amino acids used in standard PN solutions are susceptible to oxidation under usual storage conditions and produce reactive lipid peroxides and hydrogen peroxide (22) (23) (24) (25) (26) . These oxidative products may stimulate oxidative processes in vivo (22) (23) (24) (25) (26) . It is not known whether macronutrient solutions provided in PN support contribute to the oxidative burden and antioxidant depletion in BMT patients receiving high-dose chemotherapy.
The purpose of this double-blind, controlled, randomized clinical trial was to test the hypothesis that 1) plasma pools of the major antioxidant thiols [GSH and glutathione disulfide (GSSG) and cysteine and cystine] and plasma concentrations of other antioxidant nutrients (␣-tocopherol, ␥-tocopherol, vitamin C, and zinc) decline over time in patients undergoing BMT; and 2) substrates present in standard PN formulations support plasma concentrations of these antioxidants in this catabolic stress state.
SUBJECTS AND METHODS
Twenty-four patients (10 women, 14 men; mean age: 40.1 ± 3.2 y; range: 26-59 y) with non-Hodgkin lymphoma (n = 10), chronic myeloid leukemia (n = 8), Hodgkin disease (n = 4), acute myeloid leukemia (n = 1), and T cell lymphoma (n = 1) were recruited from patients admitted for autologous or allogeneic BMT at Emory University Hospital (EUH), Atlanta ( Table 1) . These study patients were a subgroup of patients from a larger, ongoing trial designed to evaluate the clinical efficacy of PN in BMT.
Most patients received a chemotherapy regimen consisting of busulfan, etoposide (VP-16), and cyclophosphamide (n = 16); other conditioning regimens included cytosine arabinoside (Ara-C; n = 5), diaziquone (n = 3), and thiotepa (n = 1). Four patients received chemotherapy combined with total body irradiation for 3 consecutive days before BMT. Eligible study patients (> 18 y of age) were selected on the basis of the following exclusion criteria: 1) active infection requiring antibiotics on admission to the hospital; 2) primary cancer diagnosis other than leukemia or lymphoma; and 3) PN not indicated during entire hospital course according to usual clinical protocols. Informed consent was obtained before the study from all patients in accordance with the EUH Human Investigations Committee.
Parenteral nutrition protocol
On entry to the study, patients were randomly assigned by blocks to receive a standard PN solution (Std-PN) or a modified PN solution containing micronutrients, essential fatty acids, and electrolytes (Mod-PN) ( Table 1 and Table 2 ). As shown in Table 2 , Std-PN patients received a solution containing conventional amounts of fluid, dextrose, L-amino acids (Novamine; Clintec, Deerfield, IL), electrolytes, vitamins and minerals (1.0-1.2 L/d), and 250 mL 20% lipid emulsion (120 kJ/d; Intralipid, Clintec). Nonprotein energy was provided as 70% dextrose and 30% lipid emulsion. The Mod-PN group received a solution containing only electrolytes, vitamins, and minerals (1.0-1.2 L/d). An isovolemic 2% lipid solution (12 kJ/d) was infused in this group of patients both to prevent essential fatty acid deficiency and to maintain the double-blind nature of the study. Thus, 3 Each 10 mL of vitamin preparation (MVI-12; Clintec, Deerfield, IL) provides 2 mg vitamin A, 4 mg vitamin D (ergocalciferol), 20 mg vitamin E (all-rac-␣-tocopheryl acetate), 200 mg vitamin C, 6 mg thiamine, 7.2 mg riboflavin, 80 mg niacin, 8 mg pyridoxine, 10 g vitamin B-12, and 120 g biotin. 4 In addition to MVI-12, all patients were given an additional 500 mg vitamin C.
5 Each 1 mL of mineral preparation (MTE-6; Clintec) provides 5 mg Zn,1 mg Cu, 0.5 mg Mn, 10 g Cr, 60 g Se, and 75 g I.
by on May 14, 2006 www.ajcn.org Downloaded from patients in the Mod-PN group were not given intravenous dextrose or amino acids and were given only 10% of the amount of intravenous fat emulsion administered to the Std-PN group. Both groups received identical daily intravenous multivitamin and mineral preparations, including an additional 500 mg vitamin C daily (Table 2) . Energy requirements were determined by basal energy expenditure as calculated with the Harris-Benedict equation, then multiplied by a factor of 1.2 to account for energy needs associated with activity (27) . The Std-PN prescription was calculated to provide protein at 1.5 g · kg Ϫ1 · d Ϫ1 . PN intake was reduced in proportion to oral food intake by standard criteria.
The investigators, patients, and staff were blinded to the randomization, except for the research pharmacist, who prepared the PN solutions. PN (standard and modified) was initiated when patients consumed orally < 50% of estimated maintenance energy needs for 2 consecutive days. One patient in the Std-PN group began PN 1 d before BMT during high-dose chemotherapy; the remainder of the patients received PN support after BMT. Ad libitum oral intake of energy and protein were calculated daily as part of routine care by the EUH Nutrition Support Service. The blinded PN orders were adjusted per standard protocols on the basis of serum chemistry test results. To prevent the development of wasting in the micronutrient-only group, pre hoc criteria required patients to start receiving unblinded standard PN if 1) body weight decreased by > 10% from admission body weight or 2) oral intake decreased to < 1.2 kJ · kg Ϫ1 · d Ϫ1 for > 14 consecutive days. PN was discontinued when ad libitum oral intake was > 50% of the calculated maintenance energy needs for 3 consecutive days.
To evaluate the effect of high-dose chemotherapy and PN on plasma antioxidant status over time, baseline values were determined in blood drawn 7- 
Plasma antioxidant and micronutrient assays

Plasma thiol concentrations and reduction potential values
Plasma GSH, GSSG, cysteine, and cystine concentrations were measured by HPLC with fluorescence detection. Briefly, blood was collected by using a 19-gauge syringe with heparin (to prevent hemolysis), then immediately placed in preservation buffer containing bathophenanthroline disulfonate. After centrifugation (12 000 ϫ g for 30 s at 22 ЊC), equal volumes of plasma and ice-cold 10% perchloric acid in 10 µmol ␥-glutamylglutamate/L were combined, and samples were stored at Ϫ80 ЊC until assayed. Prior stability studies showed that plasma thiols are stable under these storage conditions for ≤ 8 wk. The acidsoluble fraction was separated and derivatized with iodoacetic acid and dansyl chloride (28) .
The dansyl-derivatized compounds, including GSH, GSSG, cysteine, and cystine, were separated as described previously (28) on a 3-aminopropyl column (5 m; 4.6 mm ϫ 25 cm; Custom LC, Houston) by using a Waters 2690 HPLC apparatus and autosampler system (Waters, Milford, MA). Fluorescence detection of thiols and disulfides was performed by using bandpass filters (305-395 nm excitation and 510-650 nm emission; Gilson Medical Electronics, Middleton, WI). Plasma thiol and disulfide concentrations were calculated on the basis of integration relative to the internal standard, ␥-glutamyl-glutamate.
As an index of the plasma thiol redox state, the reduction potential (E h ) of the plasma GSH-GSSG pool was calculated by using the Nernst equation:
where R is the gas constant, T is the absolute temperature, F is the Faraday constant, and E o is the standard potential for the GSH-GSSG redox couple. A value of Ϫ0.264 V was used for E o assuming a blood pH of 7.4 (29, 30) . Although blood pH values were not determined in these subjects, serum carbon dioxide concentrations were similar between groups on the days of GSH determination, ranging from 3.1 to 3.4 kPa in the Std-PN group and from 3.2 to 3.4 kPa in the Mod-PN group (NS). Because none of the patients had evidence of chronic respiratory acidosis, the similarity of carbon dioxide concentrations indicated that pH values were comparable in the 2 groups. The final equation used for these data was as follows:
The same equation was used for calculations of redox potential for the cysteine-cystine redox couple (E o of Ϫ0.250 V), with the oxidized form (cystine) and the reduced form (cysteine) used in the numerator and denominator, respectively.
Plasma tocopherols
Plasma ␣-and ␥-tocopherol concentrations were determined by reversed-phase HPLC as described previously (31) . Briefly, plasma samples were extracted with hexane and centrifuged at 3000 ϫ g for 15 min at 4 ЊC, and the hexane layer was evaporated under nitrogen. The lipid fraction was dissolved with a mixture of methanol and ethyl ether and separated by using a reversedphase HPLC apparatus, consisting of a 510 pump, a 710B WISP autosampler, and a 490 multiwavelength detector set to 292 nm (Waters). Retinyl acetate was used as an internal standard, and tocopherol concentrations were calculated on the basis of ␣-and ␥-tocopherol external standards.
Plasma vitamin C
Plasma ascorbic acid concentrations were determined by using methods described by Behrens and Madere (32) . After complete reduction of dehydroascorbic acid with the addition of DL-homocysteine, 0.50 mol perchloric acid/L was added to the deproteinized plasma sample, and the mixture was separated on a Biosil octadecylsilane (5S l50 ϫ 4 mm column; Bio-Rad, Richmond, CA) by using a Waters HPLC apparatus with a model 710B autosampler and a Bioanalytical Systems LC4B electrochemical detector with amperometric detection (Bioanalytical Systems, West Lafayette, IN). The ascorbic acid was eluted with a mobile phase of 40 mmol sodium acetate/L, 0.25 mol n-octaylamine/L, and 0.2 g EDTA/L at pH 4.
Plasma glutathione peroxidase and zinc
GSHPx activity was measured by enzymatic assay as described previously (33) using a Cobas Fara II spectrophotometric centrifugal analyzer (Roche Diagnostics, Nutley, NJ). This assay measures GSHPx activity on the basis of the catalysis of reduced GSH and hydrogen peroxide conversion to oxidized GSSG, which is coupled to the oxidation of NADPH by glutathione reductase. Serum zinc was analyzed on a Perkin-Elmer 5000 atomic absorption spectrometer (Roche Molecular Systems, Inc, Branchburg, NJ) with standard settings for zinc and flame atomization as described by Weinstock and Uhlemann (34) .
Statistical analysis
Results are expressed as means ± SEs. Two-tailed P values for Fisher's exact test or unpaired t tests were used to compare the 2 treatment groups for age, sex, weight, diagnosis, type of BMT, and incidence of infection. Differences in plasma antioxidants and nutrients before and after chemotherapy were analyzed by paired t test. Changes in plasma indexes over time, both for the combined Std-PN and Mod-PN groups and as a function of the PN group, were analyzed by using one-and two-way repeatedmeasures analysis of variance (ANOVA) with interaction, respectively. Data from 2 patients who received PN for < 3 d were excluded from analyses of changes in plasma antioxidants over time. P values < 0.05 were considered statistically significant.
RESULTS
Patients
Patient age, sex, body weight, primary diagnosis, and transplantation type were not significantly different between the 2 PN protocols ( Table 1 ). The Std-PN group included 1 patient undergoing matched unrelated donor allogeneic BMT, whereas the Mod-PN group included 3 patients who received matched unrelated donor allogeneic BMT (NS). An equal number of patients (n = 2) from each PN group received total body irradiation. The number of clinical infections ( Table 1 ) and days of receiving antibiotics (data not shown) were not significantly different between the 2 groups. Patients continued to receive their full prescribed PN regimen during the study period, with the exception of 3 patients from the Std-PN and 3 from the Mod-PN groups who met pre hoc criteria for oral food intake and discontinued PN (at days 11, 12, and 12 and 10, 13, and 13 postchemotherapy, respectively). The number of days that subjects received the study PN solutions was not significantly different between the 2 groups: 13.0 ± 0.5 d (Std-PN) and 13.3 ± 0.5 d (Mod-PN). As designed, patients in the Std-PN group received significantly more intravenous energy than did the Mod-PN patients (P < 0.001). Intravenous protein intake averaged 1.
in Std-PN patients, whereas patients in the Mod-PN group received no intravenous amino acids. Oral energy intake, primarily as carbohydrate-containing liquids, was similar between the 2 groups during PN (Table 1) . . Prechemotherapy values were obtained at the time of admission and postchemotherapy values were obtained on days 1, 3, 7, 10, and 14 after conditioning therapy (day 1 postchemotherapy = day of bone marrow transplantation). Glutathione concentrations were measured as described in Methods. Glutathione concentrations decreased significantly over time for the entire patient group (n = 24; P < 0.001); values in the Std-PN group tended to be lower than those in the Mod-PN group (NS). There was a significant main effect of time by two-factor ANOVA, but no effect of PN treatment and no significant treatment-by-time interaction.
Plasma antioxidant status
Acute changes in plasma antioxidants were assessed by comparing prechemotherapy blood values with values obtained 1 d after chemotherapy (Table 3) . High-dose chemotherapy reduced plasma GSH concentrations by Ϸ20% (P < 0.05) and resulted in a significantly more oxidized GSH plasma pool, as indicated by more positive E h values (P < 0.01). Plasma zinc concentrations rose by Ϸ30% after chemotherapy for the entire patient group (P < 0.01). There were no significant differences in plasma ␣-or ␥-tocopherol, vitamin C, or GSHPx values immediately after the cytoreductive therapy regimens.
Plasma GSH concentrations decreased significantly (from 1.85 ± 0.14 to 1.19 ± 0.08 mol/L) during the 14-d postchemotherapy period for the entire patient group (P < 0.001).
The GSH values reached their lowest values by day 14 post-BMT, a concentration well below our laboratory's normal reference range for healthy adult subjects (35) . For each serial measure, the Std-PN group tended to have lower plasma GSH concentrations than did the Mod-PN group (Figure 1) , but values between PN groups were not significantly different by two-factor ANOVA. Of interest, the 4 patients receiving total body irradiation had a dramatic 60% decrease in plasma GSH concentrations by 21 d post-BMT (data not shown).
Progressive oxidation of the GSH-GSSG pool, indicated by more positive (less reducing) GSH E h values, occurred in all BMT patients; the greatest decline in GSH-GSSG reducing capacity was observed 14 d post-BMT (P < 0.001). As with plasma GSH concentrations, plasma GSH E h values tended to be more positive (oxidized) in patients receiving Std-PN than in patients receiving Mod-PN throughout the study period (Figure 2; NS) . There was no significant treatment-by-time interaction by two-factor ANOVA.
Plasma cysteine concentrations did not change acutely with high-dose chemotherapy and were 15.8 ± 2.5 mol/L before chemotherapy and 16.5 ± 2.2 mol/L after chemotherapy (NS). Plasma cysteine also did not change over time (18.5 ± 3.2, 18.1 ± 2.6, 17.1 ± 3.0, and 14.9 ± 2.5 mol/L on days 3, 7, 10, and 14, respectively; NS). However, plasma cystine, the oxidized disulfide form of cysteine, increased significantly over time from 57.1 ± 5.4 mol/L (before chemotherapy) to 75.3 ± 8.2 mol/L on day 14 after chemotherapy (P < 0.05). The calculated E h values for cysteine-cystine tended to become more oxidized (Ϫ113 ± 4 mV before chemotherapy compared with Ϫ103 ± 3 mV by 14 d after chemotherapy; NS). No differences in cysteine or cystine concentrations or the cysteine-cystine E h value were observed between the Std-PN and Mod-PN groups.
Plasma ␣-and ␥-tocopherol, vitamin C, and zinc concentrations and GSHPx activity were evaluated in a subset of the study patients (n = 6 Std-PN, n = 6 Mod-PN). The 2 groups were not significantly different with regard to age, sex, body weight, primary diagnosis, transplantation type, enteral energy intake, or infection (data not shown). In the entire patient subgroup (n = 12), plasma ␣-tocopherol concentrations decreased significantly from 19.8 ± 1.9 mol/L at baseline to 15.3 ± 1.4 mol/L by day 14 (P < 0.05), but values remained in the low-normal range (12-42 mol/L). Patients receiving Std-PN had significantly lower plasma ␣-tocopherol concentrations over time than did patients receiving Mod-PN (Figure 3 ; P < 0.05). Plasma ␥-tocopherol concentrations decreased significantly over time for the entire patient group from 5.0 ± 0.9 to 3.0 ± 0.2 mol/L (P < 0.001). Values for ␥-tocopherol were not significantly different between the 2 groups over time.
Plasma values for vitamin C and zinc were at the lower end of the normal ranges (vitamin C: 23-125 mol/L; zinc: 11-20 mol/L) before conditioning chemotherapy and approached the midpoint of the normal range during PN administration in each study group. Plasma vitamin C, plasma zinc, and GSHPx activity increased significantly over time in the entire patient group ( Table 4) . Plasma vitamin C concentrations tended to be lower in the Mod-PN group, but values were not significantly different from those in patients receiving Std-PN. Plasma zinc and GSHPx activity were not significantly different between treatment groups.
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FIGURE 2. Mean (± SE) plasma glutathione-glutathione disulfide (GSH/GSSG) reduction potential (E h ) over time for the standard parenteral nutrition (Std-PN) group (n = 11) and the modified PN (Mod-PN) group (n = 13), which were calculated by using plasma glutathione and glutathione disulfide concentrations as described in Methods. GSH/GSSG E h values increased significantly (ie, became less negative) over time for the entire patient group (n = 24), indicating a progressively more oxidized glutathione pool, by day 14 (P < 0.001). The E h was not different between PN groups and there was no significant treatment-by-time interaction by two-factor ANOVA.
DISCUSSION
Several investigations in animals showed that chemotherapeutic agents routinely used in BMT patients are associated with significant depletion of GSH in the liver, the primary site of synthesis (17, 36, 37) . Data available from small groups of patients suggest that chemotherapy and radiation treatment decreases circulating GSH concentrations acutely (10, 38) . The results of the current study are also limited by small sample size but show that high-dose chemotherapy administered in BMT regimens causes an acute and significant decrease in plasma GSH concentration that persists for ≥ 14 d. Depletion of plasma and tissue GSH appears to contribute to chemotherapy-induced organ toxicity (37, 39, 40) . In a dog model of venoocclusive disease, which is a major complication of BMT therapy, decreased concentrations of plasma and hepatic GSH were associated with increased hepatic toxicity of cytotoxic agents (37) . In mice, depletion of tissue GSH exacerbated cisplatin-induced nephrotoxicity, whereas augmentation of tissue GSH concentrations reduced renal injury after cisplatin treatment (39, 40) .
Provision of amino acid substrates that may be utilized for GSH synthesis (glycine, glutamate, and methionine) in our Std-PN formulation did not prevent the decline in plasma GSH in this group of BMT patients. Cysteine availability is considered rate-limiting for GSH synthesis (41); however, plasma cysteine concentrations did not change significantly in the Std-PN patients. Although methionine (a cysteine precursor) was provided with Std-PN, plasma cysteine concentrations were not significantly different from those in patients receiving no intravenous amino acids.
Glutamine may also become rate-limiting for GSH synthesis during states of metabolic or oxidative stress via intracellular conversion to glutamate (42) (43) (44) . Administration of enteral or parenteral glutamine preserved hepatic and intestinal GSH concentrations in rats subjected to acute inflammatory stimuli, including acetaminophen toxicity and ischemia-reperfusion injury (43, 44) . The catabolic and oxidative stress associated with high-dose chemotherapy may increase glutamine requirements in BMT patients. Our study showed that administration of glutamine-free parenteral amino acids does not support GSH status after BMT. To date, GSH status has not been reported in the clinical trials evaluating glutamine-enriched nutritional support. Studies on GSH antioxidant capacity after supplementation with glutamine or other GSH substrates in BMT patients would be of interest (3) .
The decrease in plasma GSH could have been due to decreased synthesis or increased utilization but does not necessarily reflect a decline in GSH reductive capacity because the latter is also dependent on GSSG concentrations. To assess the reducing power of the GSH pool, we calculated the GSH-GSSG redox potential, E h . The results show that E h becomes oxidized as a function of time after chemotherapy and BMT, supporting previous interpretations that there is a generalized oxidative stress associated with these BMT regimens. A similar degree of oxidation was apparent in the cysteine-cystine pool, as evidenced by the significant increase in plasma cystine and the corresponding cysteine-cystine E h values. The use of standard PN and micronutrients did not prevent the loss of GSH reducing power in plasma, suggesting that additional efforts may be needed to protect against oxidation in patients requiring intravenous nutrition.
In contrast with the decreased plasma GSH concentrations, plasma GSHPx activity increased over time after high-dose chemotherapy. This increase may reflect a compensatory homeostatic response to the increased need for peroxide detoxification during the enhanced generation of reactive oxygen species induced by chemotherapy. Elevated plasma GSHPx activity that increases plasma GSH utilization may contribute to the decline in GSH concentrations. However, kinetic studies have raised questions concerning the importance of plasma GSHPx in peroxide elimination (45) .
Plasma ␣-and ␥-tocopherol concentrations declined progressively and were lowest 14 d after chemotherapy, a pattern consistent with the oxidation of the GSH and cysteine pools. There is evidence to suggest that low ␣-tocopherol concentrations for this prolonged period may increase the risk of organ toxicity induced by chemotherapy (7, 46, 47) . In rat models of cardiotoxicity, adriamycin administration enhanced free radical generation in perfused heart and increased membrane lipid peroxidation in intact cardiac muscle cells (46) . Additional studies showed that anthracycline-induced cardiac injury in animals is aggravated by vitamin E deficiency, whereas vitamin E supplementation decreases lipid peroxide formation and cardiac cell injury (7) .
Both treatment groups in our study received 20 mg ␣-tocopherol/d intravenously. These data, and those of others, suggest that provision of vitamin E in amounts twice those recommended for intravenous vitamin E (10 mg/d; 47) is not sufficient to maintain plasma ␣-tocopherol concentrations in either critically ill or stable PN-dependent patients (22) . However, changes in plasma concentrations of vitamin E and other nutrients do not themselves define deficiency. Thus, further studies are needed to clarify the adverse effects, if any, of reduced plasma antioxidant nutrient concentrations in BMT patients.
A potentially important finding of the present study is that BMT patients receiving the standard PN formulation showed a significantly greater decline in plasma ␣-tocopherol than did those given a modified formulation containing no amino acids and one-tenth the amount of fat emulsion. Several investigators have shown that conventional lipid emulsions containing largely unsaturated fatty acids are possible sources of peroxidative products (22) (23) (24) (25) . In PN-dependent and healthy adults, short-term lipid infusions administered alone significantly elevated lipid peroxidation, as indicated by breath-pentane output (23) . Another study showed increased breath-pentane output in premature infants administered a 10% lipid emulsion (24) . Furthermore, the infused lipid emulsions contained significant amounts of the oxidative products pentane and malondialdehyde, which formed during standard storage conditions (24) . Amino acid solutions may also be susceptible to oxidative degradation, producing hydrogen peroxide as a result of photooxidation (26) . Infusion of the photooxidized amino acid and micronutrient solutions in animals was associated with depleted plasma GSH and hepatic injury (48) . Further studies are needed to identify whether specific components of PN solutions or methods of delivery induce oxidative stress in this and other clinical settings.
Vitamin C deficiency was found previously to decrease plasma GSH concentrations in healthy individuals (49) . Plasma vitamin C concentrations were initially low in our study patients but steadily increased during PN administration. In contrast with previous studies in BMT patients given lower vitamin C doses (13), our intravenous vitamin C dose of 700 mg/d maintained plasma vitamin C concentrations within the normal range. Thus, vitamin C deficiency did not appear to account for the reduced plasma GSH concentrations observed in our patients.
Zinc concentrations were near the lower limit of normal values at baseline and increased over time. Zinc has several biochemical functions, including cytoprotective and antioxidant properties related to its role as a cofactor in Cu/Zn superoxide dismutase and metallothionein and other less clearly defined mechanisms (50) . Elevated serum zinc concentrations may have been due to tissue zinc mobilization in response to chemotherapy. Whether increased serum zinc enhances antioxidant function or influences treatment outcomes in BMT patients requires further study.
There are limited data on the benefits of antioxidant supplementation in BMT protocols. In a recent case report, oral glutamine (20 g/d) and vitamin E (400 mg/d) were associated with reversal of hepatic venoocclusive disease after BMT (51) . Combination treatment with ␤-carotene (45 mg), ␣-tocopherol (825 mg), and ascorbic acid (450 mg) for 3 wk before BMT conditioning improved plasma ␤-carotene and ␣-tocopherol concentrations and reduced lipid peroxide concentrations (52) . A pilot study of vitamin E, vitamin C, and N-acetylcysteine supplementation in patients receiving chemotherapy or irradiation for various malignancies suggested that supplementation reduced the cardiotoxicity associated with therapy (53) . In patients with advanced gastric cancer, cisplatin-induced neurotoxicity was reduced by the intravenous and intramuscular administration of GSH (54) . Additional studies to determine the efficacy of antioxidant regimens as methods to attenuate oxidant-mediated injury in BMT patients appear to be indicated.
In summary, these data from a small group of patients provide evidence that conventional PN formulations do not maintain plasma concentrations of essential body antioxidants for several weeks after BMT. A limitation to intensifying chemotherapy regimens has been the severity of toxicity to host tissues. Antioxidant supplementation as a means of protecting healthy tissue from injurious free radicals has been approached with caution because of the potential of the antioxidants to reduce the therapeutic efficacy of the cytotoxic regimens. The current double-blind study showed the need to further evaluate PN formulations in larger groups of individuals receiving high-dose chemotherapy or irradiation and to evaluate the efficacy of nutrition interventions that support plasma antioxidant status in these patients. 1 x -± SE. Std-PN, standard parenteral nutrition (n = 6); Mod-PN, modified parenteral nutrition (n = 6).
2,3 Significant effect of time (ANOVA): 2 P < 0.01,
